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This paper presents a comparative performance of the antennas fabricated
using micromachining process. The research aims to discover the best
antenna performance by alternative micromachining modes for integrating
with the RF harvester printed circuit. Here, the study on micromachining
process method involves the simulation study of three different structures
and materials, such as silicon (Si) with air gap, Si surface and glass surface
based antenna. These antennas have been modelled and optimized operating
at 5 GHz by CST-MWS. The outcomes validate good characteristic of glass
based surface micromachined antenna over the Si based micromachined
antenna. The results show that the Si surface micromachined antenna is not
able to reach the requirement for RF antenna specification, however, it is
improved by creating the air cavity. Furthermore, the use of glass substrate
has increased the antenna gain by 5.34% and the -10 dB bandwidth increased

Silicon by 72.86% compared to the Si with air cavity. The glass based antenna
dimension is reduced by 9.09% and 44.93% compared to Si bulk
micromachined and Si surface micromachined antenna, respectively.
Thus, the characteristics of the glass surface micromachined antenna are
relatively appropriate for highly efficient RF energy harvester application.
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1. INTRODUCTION

Energy harvesting is a technique developed to enable fully autonomous powered sensors for battery-
less device and wireless sensor network which may remove the limited dependability of standard chemical
batteries used. Such sensors can be utilized in wearable devices, Internet of Things (1oT), structural health
monitoring, remote control, etc [1-2]. Energy sources for energy harvesting system can be derived from solar,
vibration, radio frequency (RF), motion, thermal and nearby electric field [1-7].

In this research, energy harvesting system from RF energy sources are focused since it is
omnipresent in everywhere and at any time can provide extended support and lifespan to the devices. On an
everyday basis, RF energy sources are consistently surrounded by mobile base station, cellular, transmission
towers, television, Wi-Fi signals, radio broadcast stations, etc.

The RF energy harvesting system includes antenna, impedance matching circuit and power
rectifying circuit. The general structure of the RF energy harvester is shown in Figure 1. In RF energy
harvester, the RF signals are captured by the receiving antenna and converts to alternating current (AC) form.
The impedance matching circuit composed of inductor and capacitor (LC) components, support for
maximum power transferal into the rectifier. The rectifier converts AC voltage into direct current (DC)
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voltage for the desired application load. However, the typical RF power level source is too low as much as 1
uW/cm? for the energy harvesting [3]. Commonly, power supplies for the energy harvesting system and
devices are driven by chemical batteries [6]. However, the battery has limited energy capacity, limited
lifespan, required high maintenance, chemical leakages when unused and waste disposal in a long term
period can bring environmental problems. Thus, RF energy harvested is suitable for green supply of low
power consumption devices [8]. An efficient antenna of the RF energy harvester is highly essential for
maximizing the RF signal reception.
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Figure 1. RF energy harvesting system

An antenna is a key important device in the front end of the RF energy harvester system since its
affect the quantity of energy harvested [9]. Numerous recent research works have been reported
on the antenna of the RF energy harvesting system to reach some device parameters, such as high efficiency
[8, 10-12], lower return loss [2, 13-14] and good radiation pattern with high gain antenna [12, 14-15].
The current technology in RF energy harvester used conventional printed circuit board (PCB) substrate
material such as Teflon, RT/Duroid and FR4, however, the mechanical structure stability of the materials is
low owing to porous structural and low mechanical strength. Furthermore, the alteration of the materials are
complex and required proper substance ratio division for designing pattern.

The standard methods found in a foundry were acceptable well the requirement to fabricate an
antenna using a conventional substrate [16-19]. However, with these standard substrates, it is impossible to
etch away by dry (or involving ionized gas or plasma) and wet (or chemical) etching. Hence the substrate
thickness cannot be tuned and impossible to get flexible functionality to lower the dielectric permittivity.
On the other hand, the micromachining technique in micro-electromechanical systems (MEMS) technology
has shown its potential role for power efficient sensors and has contributed to the improvement of various RF
antennas [10, 20-22].

The aim of this research stands not to compare numerous antenna designs but rather to compare the
performance of the antenna using different substrate materials and structures that suitable for RF energy
harvester operating at 5 GHz in unlicensed Industrial, Scientific and Medical (ISM) frequency band.
This performance comparison is studied, illustrated by the simulation micromachining modes of bulk
micromachining on crystal Silicon (Si) substrate as well as surface micromachining on crystal Si and glass
substrate. Bulk micromachining involves selectively etch of Si substrate to produce an air cavity (dielectric
permittivity, & = 1) of the Si in a definite thickness ratio to get desired lower & [15, 21].
Surface micromachining is characterized by the thin metal deposition by an appropriate thickness ratio of the
pattern dimensional structure over a substrate surface [20, 22].

The crystalline structure and high mechanical stability of Si and glass substrate, respectively could
allow the fabrication of MEMS device by micromachining technique for achieving appropriate RF device
specification [13, 20]. In this research, the simulation results of the antennas using two micromachining
methods are discussed in the following section. Lastly, concluding remarks is presented.

2. RESEARCH METHOD
2.1. Antenna Design

The previous work in [15] presented that a Si based micromachined antenna fabricated by bulk
micromachining method provides improvement in terms of realized gain, radiation pattern, -10 dB bandwidth
and the physical size reduction. Here, this research carries out on the comparison performance between the
bulk micromachined antenna by Si substrate and surface micromachined antenna by two different substrate
which are Si and glass. For simulations, investigation of the substrate used which are crystal Si (e = 11.9,
electrical conductivity of 0.00025 S/m) and horosilicate glass (er = 4.7, tan ¢ = 0.0037 S/m) have been
considered. The thicknesses tsub are 525 pm + 25 pum and 2 mm for Si and glass, respectively. A 1 pm
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aluminium (Al) thickness with electrical conductivity = 3.56 x 107 S/m is structured as the metallization
layer for the patch and the ground in which mounted on both sides of the antenna substrate. Metallization of
copper also possible to be structured in which to moderate metal losses. All these dimensions are presented in
Table 1. The antennas are modelled and optimized by Computer Simulation Technology Microwave Studio
software (CST- MWS).

The top view layout and three-dimensional (3D) model of the rectangular radiator patch antenna are
shown in Figure 2. The patch antenna layout for each type are the same while the geometric dimension is
optimized to meet the 5 GHz operating frequency of the antenna. The low profile rectangular patch design
allows to be easily mounted on a flat substrate. The patch antenna length | is usually from a 0.333 to 0.5
wavelengths of the substrate. The value can be obtained by equation from the transmission line model in
which related with resonant frequency dominant TM mode [2, 23]. The model offers good physical insight,
but less precise as the approximate calculation formula of antenna dimension is used. Optimization of the
antenna by resonant properties in return loss parameter grid is performed by adjusting the dimension values
using parametric sweep in CST-MWS.
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where: | = Patch length

w = Patch width

gr = Dielectric permittivity

ereft = Effective dielectric permittivity

t = Substrate thickness

Zmax=Impedance at yo =0

The antenna is characterized to have a 50 Q input impedance. It is reformed by selecting the right
position of the feeding point yo [23].

Table 1. Optimized Dimension of Micromachined Antennas Operating at 5 GHz

Dimension (mm) L W | w a b Tair
Si surface 49 40 39.5 33 0 0 0

Si with air gap 30 27 17 17 20.46 20.46 0.375
Glass surface 25.06 26.5 16.11 20.48 0 0 0

A
Gpf
YOI —> Fp

st

(@) (b)

Figure 2. Antenna design. (a) Geometry layout and (b) 3D model
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Optimum performance of the antenna depends on the ¢ and thicknesses of the substrate, feedline
dimension (s, Ws), metal conductivity and the method used in fabrication that contribute to reduce the
dielectric constant of the substrate. Here, micromachining technology is selected as it offers small tolerances,
reliable and favourable manufacturing costs [24]. Descriptions of fabrication by micromachining method of
the antennas are described in the following sub section.

2.2. Micromachining Method

Micromachining is presented as the key technology in MEMS systems. The cross section of the
materials used in this micromachining is illustrated in Figure 3. This section presents two common
micromachining methods for Si and glass which are semiconducting and insulating materials, respectively.

Si t = 150um
Si t:525um .:. ........ .v-............-.....
R Air - t, = 375um
(a) Si surface (b) Si with air gap
i 1 um Al
Glass t=2mm

(c)Glass surface

Figure 3. Cross-section of the material structures used for micromachined antennas

2.2.1 Bulk Micromachining

The factor of substrate thickness and dielectric permittivity substrates consideration might possibly
influence on the performance of the antennas has been researched in [15, 21, 24]. Since the high &, of Si,
a patch antenna requires an appropriate thin substrate thickness. Although a thick antenna substrate improves
the bandwidth, but it excites surface waves in which influence for a poor radiation pattern and low efficiency.
These matters can be achieved by using bulk micromachining process in which to etch away a Si substrate
portion to create an air cavity or an air gap as shown in Figure 3(b).

Here the bottom lateral of 525 um thick Si is anisotropically etched by 375 um thick in 20.46 x
20.46 mm dimension. It involves wet etching in an anisotropic etching by Potassium Hydroxide (KOH)
chemical etchant liquid. The chemically etched bulk Si results in an air cavity at the bottom lateral of the Si
substrate. While the top lateral is metallized by sputtering a 1 um Al. Patterning geometric layout of the
patch antenna on the top lateral involves a photolithography process. Ground plane at the bottom lateral of
the antenna substrate is performed by attaching adhesive solid of 1 um Al sheet where the dimension is
similar as the Si substrate size, 30 X 27 mm.

2.2.2 Surface Micromachining

In manufacturing, surface micromachining method is based on the planar process steps used
continually to produce integrated electronic devices. To make extraordinary electronic systems,
this developed planar process possibly be extended to engineering structures that require other than electronic
devices which usually mechanical devices [22]. Surface micromachining is the process to deposit thin film on
the surface of the substrate to form the mechanical parts. Si either monocrystal or polycrystal is the familiar
functioning material for standard micromachining techniques [25].

Besides Si substrate, the glass substrate is also examined using this surface micromachining method,
as shown in Figure 3(a) and 3(c). Here, both Si and glass substrates are metallized to make the radiator patch
by sputtering a 1 um Al on the top laterals. The geometric pattern of the radiator patch involves a
photolithography process. While the bottom lateral of the both antennas substrates or the ground planes are
created by sputtering a 1 um Al. The dimension of the Al sputtered on the both Si and glass substrate are 49 x
40 mm and 25.06 x 26.5 mm, respectively.
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3. RESULTS AND ANALYSIS

These three micromachined antennas are modelled to have a fed by 50 Q input impedance
characteristic. The operating frequency of the antennas is optimized at 5 GHz. The obtained simulation
results of 5 GHz operating frequency is plotted in the return losses chart as in Figure 4. It is observed that the
return loss (S11) is less than -10 dB (< -10 dB) except for Si surface micromachined antenna in which the
parameter is above a level of -10 dB. Return loss S11 and voltage standing wave ratio (VSWR) parameters
are important to determine the -10 dB bandwidth. The antenna bandwidth is performed based on < -10 dB
return loss and VSWR value less than 2 (<2). From the simulation, Si bulk and glass surface micromachined
antenna performed with VSWR value <2. Accordingly, no valuation of -10 dB antenna bandwidth and the
VSWR value is more than 2 for Si surface micromachined antenna that corresponds to a major loss power
owing to mismatch in the impedance line.

In ISM band, the acceptable bandwidth parameter that need to be achieved is as wide as from 100
MHz to 2.45 GHz. By comparing these micromachined antennas, it is found that wider -10 dB bandwidth
(117 MHz, from 5.0644 to 4.9474 GHz) is seen in the glass surface micromachined antenna than (32 MHz,
from 4.981 to 5.013 GHz) of the Si bulk micromachined antenna. Since the glass surface micromachined
antenna has been engaged within the wide frequency range, it represents either the glass surface
micromachined antenna could suitably radiate or receive the energy.

-------- Si Surface
S with air gap
= == Glass Surface

55 6

Frequency [GHz]

Figure 4. Return loss comparison optimized at 5 GHz

The simulated far-field radiation patterns in 2D planes of the micromachined antennas optimized at
5 GHz are shown in Figure 5. The antennas exhibit symmetrical and linearly omnidirectional beam in E-
plane while non-homogeneous radiation pattern of Si surface micromachined antenna as well as an
omnidirectional beam on the glass surface and Si bulk micromachined antennas in H-plane. Both of E and H
planes of the micromachined antennas have a poor front-back ratio in terms of the radiation, thus,
the antennas can be recognized for the radiation from the radiator patch.

Simulated peak gain and the directivity of the glass surface micromachined antenna are 5.022 dB
and 3.81 dBi, respectively. For this antenna result, it is considered a high gain parameter of more than 5 dB
(> 5 dB) and good directivity parameter in a static position to deliberate the radiation beam in the desired
direction. The high gain and the directivity are desired for the antenna to capture and radiate more energy in
all angles. However, the directivity of Si bulk micromachined antenna is higher as much as 0.544 dBi
compared to glass surface micromachined antenna. It is illustrated that the Si bulk micromachined antenna is
more effective to focus energy in a precise direction when receive the energy from a certain direction in a
static position. Comparison of the simulation results obtained are tabulated in Table 2.

Table 2. Summary of simulated parameter characteristics operating at 5 GHz

Micromachined Si1(dB)  VSWR -10dB Realized  Directivity Angular Pmax
antenna bandwidth  gain (dB) (dBi) width (3 dB) (W/m?),
(MHz) r=1m
Si surface -8.45 22 nla -7.8 3.628 307 -19
Si with air gap -12.7 1.6 32 4.754 4.354 100 0.238
Glass surface -18.8 1.2 117 5.022 381 95.2 0.253
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Figure 5. Far-field radiation patterns

4.  CONCLUSION

A comparison between three micromachined antennas are performed in order to find an appropriate
design for integrated antenna which is well suited for the RF energy harvester application. System operating
at 5 GHz in the microwave frequency band ranging from 0.3 to 30 GHz offers the possibility of individual
device integration in the layout. Antenna parameters such as dielectric permittivity, dielectric thickness,
conductivity metal, physical design and dimension of patch and substrate should be evaluated to recognize
the effect on over-all antenna performance. The implication of the micromachined antenna modes has also
given significant improvement by lowering the dielectric permittivity of the substrate material, bandwidth
enhancement and realized gain. The results obtained point out the advantage of the glass surface
micromachined antenna over the Si bulk and Si surface micromachined antennas in terms of the radiation
gain, -10 dB bandwidth and VSWR parameter improvement. The glass surface micromachined antenna is
found as a good candidate for integrating with RF energy harvester circuitry and its moderate physical
dimension size also suitable for future integrated wireless devices by RF energy harvesting source.
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